Epithelial ovarian cancer (EOC) is the most lethal gynecologic malignancy. Despite the anticancer capabilities of emodin observed in many cancers, including EOC, the underlying molecular mechanism remains to be elucidated. A crucial link has been discovered between the acquisition of metastatic traits and the epithelial-mesenchymal transition (EMT). The present study aimed to determine whether emodin could inhibit the EMT of EOC cells and explore the underlying mechanism. The CCK-8 assay and transwell assay showed that emodin effectively repressed the abilities of proliferation, invasion, and migration in A2780 and SK-OV-3 cells. The Western blot showed that emodin upregulated epithelial markers (E-cadherin and Claudin) while it downregulated mesenchymal markers (N-cadherin and Vimentin) and transcription factor (Slug) in a dose-dependent fashion. After transfection of siRNA-Slug, both Slug and N-cadherin were downregulated in EOC cells while E-cadherin was upregulated, which was intensified by emodin. Besides, emodin decreased the expression of ILK, p-GSK-3 , -catenin, and Slug. Transfection of siRNA-ILK also achieved the same effects, which was further strengthened by following emodin treatment. Nevertheless, SB216763, an inhibitor of GSK-3 , could reverse the effects of emodin except for ILK expression. These findings suggest that emodin inhibited the EMT of EOC cells via ILK/GSK-3 /Slug signaling pathway.
Introduction
Epithelial ovarian cancer (EOC) has the highest mortality rate among the female genital malignant tumors [1, 2] . The lack of effective early detection markers, coupled with the vague, nonspecific symptoms of EOC [3] , often results in the late diagnosis of the disease with widespread metastases [4] . Mortality of EOC is directly related to the prevalence of metastatic diseases; however, the underlying molecular mechanisms of metastases are still not fully elucidated.
Epithelial-mesenchymal transition (EMT), an important process, has been linked to cell metastasis in kinds of cancers. A typical characteristic of EMT is the loss of the cell-cell adhesion and gain of mesenchymal traits [5] . Transcription factors, such as Snail, Slug, ZEB1/2, and TWIST1, regulate EMT and are correlated to cancer metastasis [6] . Recent work suggests that the transcriptional factors, Snail and Slug, are important effectors of the process of metastasis and cell survival [7] . The fruitful work demonstrated that Slug attributed to promoting the EMT of human ovarian cancer [8] .
Integrin-linked kinase (ILK) is a serine/threonine protein kinase, which was initially discovered through its interactions with the 1 and 3 integrin subunits [9] . ILK has a fundamental role in the regulation of cell survival, proliferation, and migration by mediating integrin signaling in diverse cell types [10] . Once activated, ILK directly phosphorylates several key signaling molecules, including protein kinase B/Akt (PKB/Akt) at Ser473 and glycogen synthase kinase 3 (GSK3 ) at Ser9, to affect cell survival, cycle, adhesion, and extracellular matrix (ECM) modification [11, 12] . The expression of ILK is often upregulated in various human malignancies and correlated with advanced tumor stage and grade [10] . Moreover, ILK expression is enhanced in malignant ovarian tumors compared to the benign ones or normal epithelium [13] . Furthermore, ILK has been reported
Materials and Methods

Cell Lines and
Culture. A2780 and SK-OV-3 cells, the human epithelial ovarian cancer cell lines, were purchased from the Cell Bank of China Academy of Sciences (Shanghai, China). A2780 cells were cultured in RPMI-1640 medium modified (GE Healthcare Life Sciences, HyClone Laboratories, USA), supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin, and 100 g/mL streptomycin in a humidified incubator at 37 ∘ C containing 5% carbon dioxide. SK-OV-3 cells were cultured in McCoy'S 5A medium (M&C Gene Technology, China), supplemented with 10% fetal bovine serum, 100 U/mL penicillin, and 100 g/mL streptomycin in a humidified incubator at 37 ∘ C containing 5% carbon dioxide. The medium was replaced every 3 days. The cells were checked routinely and trypsinized until they reached about 90% confluence.
Antibodies and Chemicals.
Emodin and GSK-3 inhibitor (SB216763) were purchased from Sigma Aldrich (St. Louis, MO, USA). Dimethylsulfoxide (DMSO) was obtained from Solarbio (Beijing, China). The emodin or SB216763 was diluted in corresponding medium, and the DMSO's final concentration was under 0.1% (v/v). The antibodies E-cadherin, N-cadherin, Vimentin, Claudin-1, Slug, ILK, Akt, phosphorylated Akt (p-Akt), GSK-3 , -catenin, and GAPDH were purchased from Cell Signaling Technology (MA, USA). And phosphorylated GSK-3 (p-GSK-3 ) was obtained from Santa Cruz Biotechnology (CA, USA).
Cell Viability Assay.
Influence of emodin on the cell viability of the human epithelial ovarian cancer cell lines, A2780 and SK-OV-3, was assessed by the cell counting kit-8 (CCK-8 kit), which was purchased from BestBio (Shanghai, China). The SK-OV-3 and A2780 cells were seeded in a 96-well plate at a density of 2500 cells/well and 3500 cells/well, respectively. After incubation overnight, the cells were exposed to various concentrations of emodin (0-80 M) for 24 hours, 48 hours, and 72 hours, respectively. At each time point, 100 L of fresh medium containing 10 L CCK-8 solution was added to each well and incubated at 37 ∘ C for 2 hours. The absorbance at 450 nm was measured by a plate reader (Bio-Rad, CA, USA).
Transwell Migration and Invasion Assays.
Cell migration was measured using 24-well Boyden chambers (8 m pore size; Corning Costar, Cambridge, MA, USA). 3 × 10 4 SK-OV-3 cells or 6 × 10 4 A2780 cells were loaded onto the top of a 24-well migration chamber in 100 ul serum-free medium. The lower chamber was filled with 0.75 mL of the medium containing 10% FBS. After 24 hours of incubation, cells that had migrated into the lower surface of the filter were fixed with methanol solution for 5 minutes and 3.7% paraformaldehyde for 5 minutes and then stained with Giemsa stain. Pictures (200x) were taken by the Olympus IX51 inverted microscope. Cells were counted in five random fields per insert. The same sterile Boyden chambers were used to perform the invasion assay. Before commencing the experiment, the BD Matrigel (BD Biosciences, San Jose, CA, USA) was placed in a −4 ∘ C refrigerator for 24 hours. The BD Matrigel would turn into liquid. It was diluted to 1 : 9 ratios with serum-free medium. When the plates were already precoated with Matrigel, the similar steps were performed as the migration assay.
Western Blot Analysis.
The protein of cells was extracted with RIPA Lysis Buffer (Beyotime, Jiangsu, China) containing 1% phenylmethanesulfonyl fluoride (PMSF) on ice. The protein concentration was detected according to BCA Kits. We mixed proteins with 5x SDS-PAGE sample loading buffer at a ratio of 1 : 4. Following heating at 95 ∘ C for 5 min, denatured proteins were subjected to 10% Tris-glycine gel and transferred electrophoretically to polyvinylidene difluoride membranes. Then 5% nonfat milk in Tris-buffered saline tween (TBST) was used to block nonspecific sites at room temperature for 1 h. The membranes were incubated with the primary antibodies (E-cadherin, N-cadherin, Vimentin, Claudin-1, Slug, ILK, Akt, p-Akt GSK-3 , p-GSK-3 , -catenin, and GAPDH, 1 : 1000) overnight at 4 ∘ C and washed with TBST three times. Secondary HRP-conjugated antibodies (1 : 3000) were incubated with the membranes for 1 hour at 37 ∘ C. Antibody-positive bands were visualized using Image Quant LAS 4000. Data were analyzed by ImageJ software.
Small
Interfering RNA (siRNA) Transfection. Slug and ILK specific siRNA and their control were purchased from GenePharma Company (Shanghai, China). For siRNA transfection, EOC cells were seeded in 6-well plates without antibiotics treated with 50%-60% confluence before transfection. Cell transfection was carried out using Lipofectamine 2000 (Invitrogen Life Technologies). Six hours after incubation, the culture medium was changed into fresh medium with 10% FBS. After 48 hours of transfection, cells were harvested for the following cell experiments. For A2780 and SK-OV-3 the sequence for Slug specific siRNA is 5 -CCCAUU-CUGAUGUAAAGAATT-3 , 5 -GGACCACAGUGGCUC-AGAATT-3 , respectively. Besides, the sequence for ILK specific siRNA is 5 -GACCCAAAUUUGACAUGAUTT-3 , 5 -UGGACACCGUGAUAUUGUATT-3 , respectively, in A2780 and SK-OV-3 cells. Cell survival rate (%) 
Statistical Analysis.
All statistical analyses were carried out using GraphPad Prism Version 5.01. The data was expressed as a mean ± standard deviation (SD) of three independent experiments. Data were analyzed by Student'stest between any two groups. One-way ANOVA analysis of variance was used to assess the difference of means among groups. For all analyses, values of < 0.05 were considered statistically significant.
Results
Emodin suppressed the proliferation, migration, and invasion property of A2780 and SK-OV-3 cells. To detect the effect of emodin on the proliferation of human EOC cells, SK-OV-3 and A2780 cells were treated with a range of concentrations of emodin for up to 24 hours, 48 hours, and 72 hours to examine the cell viability. We found that emodin inhibited the proliferation of SK-OV-3 cells in a dose-and timedependent fashion, with significant inhibition at 40 M and 80 M (Figures 1(a) and 1(b) ). Similar results were also found in A2780 cells (Figures 1(a) and 1(b) ). Transwell migration and invasion assays were used to test the effect of emodin on the migration and invasion abilities of A2780 and SK-OV-3 cells. As expected, the migration and invasion abilities of A2780 and SK-OV-3 cells were significantly decreased after treatment with emodin for 48 hours (Figures 1(c)-1(f) ). All these results suggested that emodin could effectively inhibit the proliferation, migration, and invasion abilities of A2780 and SK-OV-3 cells.
Emodin Inhibited EMT in A2780 and SK-OV-3 Cells through Targeting Slug.
Given that emodin could significantly inhibit the migration and invasion abilities of A2780 and SK-OV-3 cells, we tested the expression of EMT-related factors by Western blot analysis to evaluate whether emodin could affect EMT in EOC cells. As shown in Figures 2(a) and 2(b), the epithelial markers, E-cadherin and Claudin, were upregulated after the treatment with emodin for 48 hours in both A2780 and SK-OV-3 cells. Meanwhile, the mesenchymal markers, N-cadherin and Vimentin, were downregulated. Additionally, the level of transcription factor, Slug, was downregulated in dose-dependent manner. After transfection of siRNA-Slug, the levels of Slug and N-cadherin were both downregulated in A2780 and SK-OV-3 cells while the level of E-cadherin was upregulated, which were intensified by emodin (Figures 2(c) and 2(d) ). Furthermore, we investigated the effects of Slug knockdown on cell migration and invasion followed by emodin treatment. As expected, the migration and invasion abilities of A2780 and SK-OV-3 cells were lowest in Slug knockdown cells followed by treating with emodin (Figures 2(e) and 2(f) ).
Emodin Decreased the Expression of ILK, p-GSK-3 , -Catenin, and Slug in A2780 and SK-OV-3 Cells.
Western blot was used to detect the expression of ILK and its downstream targets, p-Akt and p-GSK-3 , in A2780 and SK-OV-3 cells after treatment with emodin. Dose-dependent decrease of ILK expression was observed after treatment with emodin for 48 hours (Figures 3(a) and 3(b) ). The expression of p-GSK-3 , one of the ILK downstream targets, was also decreased in a dose-dependent manner, while p-Akt failed to participate in the above process (Figures 3(c) and 3(d) ). Additionally, the levels of -catenin and Slug were both downregulated in dose-dependent manner (Figures 3(c) and  3(d) ). 
Emodin Repressed EMT by Targeting ILK in A2780
and SK-OV-3 Cells. To verify whether emodin inhibited the EMT of EOC cells by targeting ILK, we knocked down the ILK in A2780 and SK-OV-3 cells by transfecting with siRNA-ILK. After transfection of siRNA-ILK, the levels of ILK, p-GSK-3 , -catenin, and Slug were all decreased in A2780 and SK-OV-3 cells, which were reinforced by emodin (Figures 4(a) and 4(b) ). When it came to EMT hallmarks, the level of epithelial markers, E-cadherin, was increased while the level of mesenchymal markers, N-cadherin, was decreased in A2780 and SK-OV-3cells, which can also be intensified by additional emodin (Figures 4(c) and 4(d) ). Furthermore, we investigated the effects of emodin on cell migration and invasion followed by ILK knockdown. The migration and invasion abilities of A2780 and SK-OV-3 cells were weakened after the transfection of siRNA-ILK, which could be further reduced by emodin treatment (Figures 4(e) and 4(f)). Therefore, emodin decreased the migration and invasion abilities by suppressed EMT via targeting ILK in A2780 and SK-OV-3 cells.
Emodin Inhibited the EMT of EOC Cells by ILK/GSK-3
Signaling Pathway. To further clarify that whether ILK targeted GSK-3 to suppress EMT of EOC cells, we used GSK- 
Discussion
EOC is the most lethal gynecologic malignancy and most of the patients are diagnosed at advanced stage with widespread metastasis [1] . What is more, the mortality of EOC is directly related to the prevalence of metastatic diseases [21] . EMT is an important process that culminates with loss of epithelial traits and gain of mesenchymal traits [22] . In recent studies, a crucial link has been discovered between the acquisition of metastatic traits in cancer cells and the EMT. EMT promotes cellular and microenvironmental changes, which resulted in cells invading and migrating to distant sites [23] [24] [25] . Emodin has been found to suppress proliferation, inhibit angiogenesis, induce apoptosis, repress metastasis, and synergize chemotherapeutic response in various cancers such as human colorectal cancer and human lung adenocarcinoma [19, 26, 27] . Previous reviews showed that emodin inhibited EMT in manifold cancer, including EOC [17, 18] . However, the underlying mechanism was not fully understood. A number of transcription factors, such as Snail, Slug, ZEB1/2, and TWIST1, regulate EMT and correlate with cancer aggressiveness [6] . Among them, Slug is closely associated with tumor metastasis in ovarian cancer [28] . In the present study, Slug has identified specific mechanisms controlled during EMT in the A2780 and SK-OV-3 cells. After treatment with emodin, the migration and invasion abilities of A2780 and SK-OV-3 cells were significantly decreased. Emodin induced downregulation of E-cadherin and Claudin expression accompanied by an upregulation of N-cadherin and Vimentin expression. We showed that exposure to emodin could inhibit EOC cells invasion and metastasis by inhibiting EMT. At the same time, emodin could suppress the expression of Slug. Furthermore, silence of Slug suppressed EMT, which was validated by molecular and functional experiments. Therefore, we have reason to think that emodin inhibits EMT in A2780 and SK-OV-3 cells through targeting Slug. It has been shown that ILK is expressed in ovarian cancers and ILK expression increases with ovarian cancer progression [29] [30] [31] . ILK expression is an initial early event in EOC metastasis, which suggested that further evaluation of ILK inhibitors in EOC is warranted [32] . Previous study demonstrated that emodin could inhibit glucose-induced EMT through ILK inhibition in diabetic kidney disease [33] . Besides, emodin repressed the EMT of endometrial stromal cells by inhibiting the ILK expression [20] . What is more, emodin suppressed EMT through the ILK/Akt/mTOR signaling pathway in breast cancer cells [34] . But whether emodin could inhibit the expression of ILK in ovarian cancer is still unclear. In our study, dose-dependent decrease of ILK expression was observed after treatment with emodin. To show the significance of ILK in the regulation of EMT and cell migration and invasive abilities, ILK expression was downregulated by siRNA-ILK in EOC cells. Emodin strengthened siRNA-ILK-induced E-cadherin expression and N-cadherin expression. At the same time, the migration and invasion abilities were reduced by treating with siRNA-ILK in EOC cells. The current study verified that emodin weakened the migration and invasion abilities of A2780 and SK-OV-3 by inhibiting EMT via targeting ILK. This result is consistent with a previous study which confirmed that ILK overexpression promotes epithelial-mesenchymal transition in colorectal cancer cells [35] .
As a vital regulator of the phosphoinositide 3-kinase (PI3K) signaling pathway, ILK phosphorylates downstream targets such as PKB/Akt and GSK-3 to regulate their activities [36, 37] . In oral squamous cell carcinoma cells, knockdown of ILK inhibited EMT by suppressing the phosphorylation of downstream signaling targets Akt and GSK-3 [38] . In the present study, we have verified that emodin inhibited EMT by targeting ILK. However, only the expression of p-GSK-3 was decreased along with ILK in a dosedependent manner, while p-Akt failed to participate in the process. It is well known that decrease of the expression of p-GSK-3 led to the increase of GSK-3 kinase activity, followed by phosphorylation of -catenin [39, 40] . Similarly, our present results showed downregulated -catenin after treatment with emodin. Furthermore, ILK knockdown significantly decreased the levels of ILK, p-GSK-3 , -catenin, and Slug in A2780 and SK-OV-3 cells, which were reinforced by emodin. However, GSK-3 inhibitor treatment restored emodin-induced effects except for ILK. So, our data confirmed that emodin inhibited the EMT of EOC cells through ILK/GSK-3 /Slug pathway ( Figure 6 ).
Conclusions
Our studies demonstrated that emodin could suppress the proliferation, invasion, and migration capabilities of A2780 and SK-OV-3 cells. The latter two might be mediated by repressing the EMT through targeting Slug. Besides, we showed for the first time that emodin inhibited EMT via targeting ILK in EOC cells. Furthermore, we demonstrated that emodin inhibited the migration and invasion abilities of EOC cells by suppressing the EMT through ILK/GSK-3 /Slug signaling pathway. These results suggest that emodin might be a potential candidate for metastasis targeted therapy of EOC. However, further studies are required before introducing emodin into the clinical regimen.
